Previous studies have shown that an odd-colored target among uniformly colored distractors can be rapidly detected and localized using broadly distributed attention over an entire display. In the current study, we show that such a broadly distributed attentional allocation is not sufficient for seemingly effortless goal-directed manual pointing. Latencies and movement durations of manual pointing in odd-colored search tasks become shorter and curved trajectories decreased as the number of distractors increase or target color repetitions increases. Because these manipulations have been shown to facilitate the deployment of narrowly focused attention to a target but not for distributed attention, this adds further support to the view that focal attention is necessary for goal-directed action. In addition, the presence of highly curved movement trajectories, directed first to a distractor then to the target reflects ongoing changes in focal attentional deployment and target selection.
Introduction
The visual system faces the daunting task of rapidly processing an enormous range of information in everyday perception. Within any given scene, the visual system must identify items, determine their layout, and finally guide actions to them (Allport, 1987 (Allport, , 1993 Neumann, 1987; Palmer, 1999; Thorpe, Fize, & Marlot, 1996) . In order for humans to explore and interact successfully with an environment, one object out of several must be selected as the target for actions. Visual attention is crucial for selecting relevant information for visual perception (Nakayama, 1990; Pashler, 1998; Sperling, 1960) and actions (Allport, 1987 (Allport, , 1993 Neumann, 1987) . For decades, the role of visual attention for perception has been extensively studied, addressing how fast and accurately participants can integrate and discriminate visual features, detect changes, or recognize targets (for a review, see Pashler 1998) . Several studies have shown that a target among multiple distractors can be rapidly identified when the differences between the target and distractors are conspicuous such as color, orientation, size, and spatial frequency differences (Bergen & Julesz, 1983; Sagi & Julesz, 1985a , 1985b Julesz, 1986; Koch & Ullman, 1985; Sagi & Wolfe, 1992; Treisman & Gelade, 1980 ). Thus, it shows that when there are salient perceptual differences between the target and distractors, broadly distributed attention for entire displays is sufficient to detect the target (Nakayama, 1990; Nakayama & Joseph, 1998) .
Previous studies have also demonstrated that a pop-out target can be localized when it is detected without allocating focal attention to the target. Focal attention only needs to be directed to and zoom in on the target to identify target features (Atkinson & Braddick, 1989; Folk & Egeth, 1989; Green, 1992; Johnston & Pashler, 1990; Sagi & Julesz, 1985a , 1985b .
For example, Julesz (1985a, 1985b) demonstrated that when the mixture of horizontal and vertical line segments was presented among diagonal line segments, participants could rapidly count numbers of horizontal and vertical lines and could determine their positions as efficiently as detection, independent of the number of targets. The efficiency of localization process was examined by asking participants to discriminate the global shape of three oriented line segments, which formed the vertices of a triangle. To accurately distinguish different shaped triangles, positional accuracy of one or two line spacing between line segments was required. Therefore, this indicates that the target can be rapidly detected and localized simultaneously with broadly distributed attention, but target fine feature discrimination requires more time to allocate focal attention. Bravo and Nakayama (1992) further examined visual search patterns in pop-out displays when attention was distributed throughout the whole stimulus array versus the case when it is focused on one specific stimulus (Nakayama, 1990) . Figure 1 depicts the schematic diagram of the display ( Figure 1A ) and results ( Figure 1B ) from Bravo and Nakayama (1992) . They showed that when participants were required to detect the presence or absence of an oddcolored diamond target among distractors (Figure 1B (c) and (d)), search times were relatively fast and did not vary with distractor numbers. This search pattern did not change regardless of whether target and distractor colors were kept constant from trial to trial as in Figure 1B (c) (blocked condition) or target and distractor colors were randomly switched between red and green from trial to trial as in Figure 1B (d) (mixed condition). This shows that when there are salient perceptual differences between the target and distractors, the broad scope of distributed attention is sufficient to detect the target. Thus, visual search patterns do not change based on the number of distractors or the consistency of target colors.
Yet, when participants were asked to discriminate detailed features such as a tiny cut-off corner side ( Figure 1B (a) and (b)), reaction times became longer compared to simple detection performance because attention had to be directed to and narrowly focused on the target (Kristjansson, Mackeben, & Nakayama, 2001; Nakayama & Mackeben, 1989) .
Moreover, two distinctive visual search patterns were observed depending on whether the target and distractor colors remained the same across trials. In the blocked condition ( Figure 1B (b) ), reaction times were constant regardless of the number of distractors. However, in the mixed condition ( Figure 1B (a) ), reaction times decreased as the number of distractors increased. Bravo and Nakayama (1992) claimed that mechanisms directing focal attention to the target differ in the blocked and mixed conditions. In the blocked condition, when target and distractor colors remain the same, previous and current trials share the same attended target feature. This allows the short-term memory of the previous target to facilitate the rapid deployment of focal attention directly to the current target through perceptual priming (Maljkovic & Nakayama, 1994) . Thus, the number of distractors does not influence visual search performance and result in a flat search slope ( Figure 1B (b) ). Yet, when target and distractor colors are switched unpredictably, as in the mixed condition, the rapid priming mechanism based on the same attended target features cannot be easily built up over time. Instead, a slower process of perceptual grouping must segregate the target from distractors before the narrowing of focal attention to the target. If perceptual grouping is strong, the target can pop-out more quickly and therefore focal attention can be allocated more efficiently to the target (Nakayama & Joseph, 1998) .
Overall, visual search performance is slower in the mixed condition than in the blocked condition. Moreover, because the perceptual grouping process is more efficient with larger numbers of distractors (Julesz, 1986; Koch & Ullman, 1985) , reactions times are also reduced with increased distractor numbers ( Figure 1B (a) ).
Taken together, Bravo and Nakayama (1992) demonstrated conspicuously different behavioral patterns in the detection tasks using broadly distributed attention and discrimination tasks using narrowly focused attention ( Figure 1B ). When target feature discrimination is required, different visual search patterns are observed in the blocked and mixed conditions. When McPeek, Maljkovic, and Nakayama (1999) applied Bravo and Nakayama (1992) 's visual search paradigm to saccades, they observed two distinctive saccadic search patterns in the blocked and mixed conditions, which were identical to the discrimination task ( Figure 1B (a) and (b)). It is worth noting that discrimination of a subtle detail was not required in this saccadic task. Instead, McPeek et al. (1999) simply asked participants to make a saccade to an odd-colored target. This indicates that localizing the target for goal-directed saccades require more than simple detection of the target, which is quite different from findings of previous perceptual studies that target detection is sufficient to know where the target is (Atkinson & Braddick, 1989; Folk & Egeth, 1989; Green, 1992; Johnston & Pashler, 1990; Sagi & Julesz, 1985a , 1985b .
Current study
In the current study, we aimed to investigate whether focused attention is also necessary for visually guided manual pointing by applying Bravo and Nakayama's (1992) paradigm. In each trial, participants were asked to touch an oddcolored target among distractors with their index finger as quickly as possible. We emphasize that this manual-pointing task does not require any subtle target feature discrimination. Yet, if goal-directed pointing requires more precise localization of the specific target beyond target detection, this localization process will demand focal attention on the target. If this is the case, results from manual pointing are expected to show the same patterns observed in perceptual discrimination and saccadic tasks ( Figure 1B (a) and (b) ). Thus, the current study will verify whether focused attention required for saccades can be generalized to manualpointing movements.
The close relationship between visual attention and saccades is particularly well documented. Regions of the brain responding to both eye movements and covert attention allocation have been identified by neuroimaging and neurophysiological studies, such as the frontal eye field, supplementary eye field, and several parietal and temporal regions (for reviews, see Corbetta et al., 1998; Schall & Thompson, 1999) . Behavioral studies also have shown that saccades are preceded by the deployment of visual attention to the intended saccadic goal (Deubel & Schneider, 1996; Kowler, Anderson, Dosher, & Blaser, 1995; McPeek & Keller, 2001; McPeek et al., 1999; Schneider & Deubel, 2002) .
The role of focused attention in visually guided manual actions, however, has been relatively less well studied than saccades. A few pioneer studies have demonstrated the connection between attention and reaching (for a review, see Castiello, 1999) . For example, Deubel, Schneider, and Paprotta (1998) demonstrated that the ability to discriminate a briefly presented stimulus was improved when participants pointed to a location where a stimulus for discrimination appeared. Tipper and his colleagues showed that when participants reached for a prespecified target, their reaching trajectories swerved away from a distractor in the moving path (Tipper, Howard, & Houghton, 1998; Tipper, Lortie, & Baylis, 1992 ). Yet, it is not entirely clear whether distributed attention is sufficient or if focused attention is necessary for visually guided manual pointing in particular when multiple competing distractors are presented.
Eye and hand movements frequently demonstrate similar spatiotemporal characteristics (Ballard, Hayhoe, Pook, & Rao, 1997; Land & Hayhoe, 2001; Land & McLeod, 2000; Neggers & Bekkering, 2000 , 2002 . However, eye and hand movements are not only controlled by different neural mechanisms but also serve different purposes. Eye movements are typically made to foveate the target, but most hand movements are made to reach for selected objects in the external world (Cisek & Kalaska, 2005; Pratt, Shen, & Adam, 2004) . Furthermore, traditional cognitive theories of human behaviors have assumed that perception, cognition, and action comprise serially distinct stages (Marr, 1980; Newell & Simon, 1972; Sanders, 1980; Sternberg, 1969) . In this scheme, eye movements are closely connected to perceiving visual objects and providing relevant information for decision-making process whereas arm movements are often regarded as mere reflections of completed cognitive decisions (Cisek & Kalaska, 2005) . Focused attention required for subtle target features could be only required for saccades but not reaching.
Thus, there is no obvious reason to assume that the same attentional mechanism must or must not be involved in target localization for manual pointing as in saccades. Whether focused attention is commonly involved in saccades and reaching is rather an empirical issue, which should be thoroughly examined.
We decided to measure the full trajectory over the entire time course of pointing because it could reveal changes in target selection and motor plans over time (Arai, McPeek, & Keller, 2004; Jeannerod, 1988) . Movement trajectories and duration might also tell us whether motor actions simply carry out a completed decision for the correct target as viewed in traditional theories (Marr, 1980; Newell & Simon, 1972; Sanders, 1980; Sternberg, 1969) or more interactively involved in decision-making processes (Cisek & Kalaska, 2002 , 2005 Tipper et al., 1992 Tipper et al., , 1998 . If reaching only reads out completed visual decision, target selection processes would affect only the initiation latency of manual pointing but not movement trajectory and duration.
General methods Participants
Harvard University students participated for course credit. They were all right-handed with normal color vision and normal visual acuity. Each of the seven participants participated in Experiments 1 and 2.
Stimuli
The solid, red, or green diamond-shaped stimuli (1.5-Â 1.5-) were presented against a black background. The red and green were chosen to be approximately equiluminant using flicker photometry. The stimuli were arranged uniformly around an imaginary circle with a radius of 14-. The target was positioned randomly from trial to trial at one of three possible positions, corresponding to 4, 8, and 12 o'clock in relation to the fixation.
Task
Participants were tested individually in a semidarkened room. They were seated 48 cm in front of the visual display. In the manual-pointing task, participants were required to touch an odd-colored target among distractors with their index finger ( Figure 1A ). If the target was red then the distractors were green, and vice versa. In each trial, the black screen with a white fixation cross was presented for 700-900 ms. Participants were required to fixate on the cross throughout the trial. The fixation cross was always in the middle of the stimulus configuration.
The target and distractors were present on the screen until the participants responded. When participants touched the item (within stimulus + 0.75-surrounding area), a beep indicated whether participants selected the correct target. The intertrial interval was 700 ms.
Measuring hand movements
Hand movements were tracked with a Fastrak electromagnetic position and orientation measuring system (Polhemus Inc.) with an update rate of 120 Hz. The small positiontracking sensor (0.89 ¶ ¶ Â 0.50 ¶ ¶ Â 0.45 ¶ ¶) was attached to the index fingertip of the right hand. The starting position (3 cm Â 3 cm) was marked on the table, which was approximately aligned with the body midline and 20 cm in front of the participants. Participants were required to put their index finger on the starting position to initiate each trial. The tracking system was calibrated in each block with 9 distributed points.
Data analysis
Movement data were transmitted to a Power Mac G4 by Vision Shell library for off-line analysis to identify the onset of movements. Hand velocity exceeding a threshold of 10 cm/s demarcated the onset of the movement. Each trajectory was visually inspected to verify the appropriateness of this criterion.
Only trials in which participants touched the correct target were included for further analysis. Initiation latency was defined as the interval between stimulus and movement onsets. Movement duration was the interval between movement onset and offset. Total time was the sum of initiation latency and movement duration. Trials in which latencies were below 100 ms or total times were in excess of 1500 ms were excluded as anticipatory movements and outliers. Less than 3% of the trials were eliminated because of selection errors or latency criteria.
We characterized the global movement trajectory by computing maximum curvature (Desmurget, Jordan, Prablanc, & Jeannerod, 1997) . Maximum curvature is defined as the ratio of the largest deviation (perpendicular distance) of the trajectory from the straight line connecting the start and end points (target position) of the movements to the length of this line (Arai et al., 2004; Atkeson & Hollerbach, 1985; Desmurget et al., 1997; McPeek & Keller, 2001; Smit & Van Gisbergen, 1990 ). Thus, maximum curvature was computed in each trial with respect to the target position. For example, maximum curvature of zero means a straight trajectory.
Experiment 1
In Experiment 1, we investigated whether focal attention needs to be directed to the target for manual pointing and how the entire course of manual-pointing movements is affected by attention allocation. Two aspects of the trial were manipulated in odd-colored search tasks: the number of distractors and the consistency of target colors across trials (blocked and mixed conditions) (Figure 2) . The number of distractors randomly varied between 2, 5, and 11 in each trial. In the mixed condition (Figure 2A ), target and distractor colors were randomly switched from red to green in each trial, whereas in the blocked condition ( Figure 2B ), target colors remained the same within a block.
If target detection using distributed attention suffices to localize targets for manual pointing, the search slope should be flat regardless of the number of distractors and the consistency of target colors as in Bravo and Nakayama's (1992) 
Methods
Participants performed manual pointing for 2 blocks of each mixed and blocked condition (72 trials/block). The Two aspects of trials were manipulated: the number of distractors and the consistency of target colors across trials. The number of distractors randomly varied between 2, 5, and 11 in each trial. In the mixed condition (A), the target and distractor colors were randomly switched from red to green in each trial, whereas in the blocked condition (B) target colors remained the same within a block.
order of the mixed and blocked conditions was randomly assigned across participants. In addition, randomly switched red or green single targets (48 trials/block) were presented without distractors at the beginning and end of the manualpointing task as a baseline. There were 50 practice trials. Each participant experienced all the conditions and repeated ANOVAs were conducted for statistical analysis.
Results and discussion
Manual-pointing reaction times
(1) Total time Patterns of total time exactly mirrored those of Bravo and Nakayama's (1992) discrimination task (Figure 3) . Total times were shortened with a larger number of distractors in the mixed condition, F(2, 12) = 9.3, p G .004, indicating that strengthened perceptual grouping facilitates focal attention allocation to the target. However, total times were independent of distractor numbers in the blocked condition, F G 1. Single target trials showed overall the shortest total times.
The blocked condition was faster overall than the mixed condition, F(1, 6) = 14.82, p G .01. Paired comparisons were significant for all distractor cases: 2 distractors ( p G .002), 5 distractors ( p G .05), and 11 distractors ( p G .03). In particular, Maljkovic and Nakayama (1994) explained the advantage in the blocked condition based on perceptual priming effect. The priming effect that facilitates the shift of focal attention to the target can be built up when attended target features are repeated consecutively. We will address this difference between the blocked and mixed conditions in more detail in Experiment 2.
Also an interaction effect between the target color consistency and number of distractors was significant, F(2, 12) = 18.3, p G .001. There were no speed-accuracy trade-offs in odd-color target selection for all temporal indexes, F G 1.
Given the fact that we observed similar search patterns in perceptual discrimination (Bravo & Nakayama, 1992) , saccades (McPeek et al., 1999) , and manual-pointing tasks, we suggest that a qualitatively similar scope of attention is required for both fine feature discrimination and goaldirected manual pointing. It is worth noting that detailed feature discrimination was not required for simple pointing.
To examine the influence of facilitated attention allocation on each segment of visually guided motor behavior, we also divided total time into two components: initiation latency and movement duration (Figure 4) . Figure 3 . Averaged total times of manual-pointing movements from all participants as a function of the number of distractors. For comparison, the total time of single target trials without distractors is also shown at the extreme left (triangle). Participants showed decreasing total times with larger distractor numbers in the mixed condition, whereas total times were independent of the number of distractors in the blocked condition. In addition, total times of the blocked condition were shorter overall compared to those of the mixed condition. The error bars show the between participants standard errors. (2) Initiation latency and movement duration Initiation latency ( Figure 4A ) reflects process before movement onset (Glover, 2004) . We observed that patterns of initiation latency were similar to those of total time. The mixed condition showed shortened initiation latency with larger numbers of distractors, F(2, 12) = 4.0, p G .05, whereas the blocked condition showed no effect, F G 1. Thus, there was a significant interaction effect between the target color consistency and the number of distractors, F(2, 12) = 10.1, p G .003.
Movement duration ( Figure 4B ) like initiation latency was also shortened with large numbers of distractors only in the mixed condition, F(2, 12) = 21.8, p G .001. Therefore, a significant interaction effect between the target color consistency and the number of distractors was also found, F(2, 12) = 7.2, p G .01.
Comparing the patterns of initiation latency and movement duration, the target feature (color) priming effect was evident mainly in initiation latency. Initiation latency was shorter in the blocked condition than in the mixed condition for all distractor numbers, F(1, 6) = 12.78, p G .02. Paired contrasts were also significant for all distractor cases: 2 distractors ( p G .008), 5 distractors ( p G .02), and 11 distractors ( p G .02). This priming effect in initiation latency may indicate that a part of visual decision is presumably made before the motor plan is in action. However, the decision carried out before movement initiation was not completed. Movement duration still showed a significant difference in two-distractor cases, t(6) = 3.7, p G .01, where distractortarget competition is the strongest. The reason for this difference becomes clarified when examining movement trajectories. Figure 5 . Manual-pointing trajectories to the three target locations from one of the participants. In baseline trials (A), the participant typically made direct movements to each target location. In the blocked (B) and mixed (C) conditions, trajectories associated with each target location are depicted by three distinct colors: green (eight o'clock position), red (twelve o'clock), and blue (four o'clock). These trajectories are three dimensional, but for clarity we only show the X and Y dimensions where the greatest difference between trajectory types is most evident.
Given the similarity of visual search patterns in manualpointing and perceptual discrimination tasks, we argue that focused attention is also involved in manual pointing. How does increasing the number of distractors, facilitating the allocation of focused attention, affect movement trajectories? Shortened visual search time with large numbers indicates that the competition for target selection is reduced although it has been argued that more distractors should increase target uncertainty and interference from distractors (Hick, 1952) . Figure 5 shows examples of hand movement trajectories. As in the single target condition ( Figure 5A ), movement trajectories were straight in the blocked condition ( Figure 5B ), as well in the mixed condition with large numbers of distractors. In contrast, many curved trajectories were observed in two-distractor trials of the mixed condition ( Figure 5C ). In this case, the competition between target and distractors was strong because of relatively weak perceptual grouping. Thus, the magnitude of trajectory curvatures increases due to increasing target-distractor competition rather than due to the simple presence or increasing number of distractors (as would be predicted from Hick's law, 1952 ). This also shows that when competing stimuli are presented, goal-directed hand movements can be initiated before the correct target is selected. This is consistent with results obtained from saccades in humans and in monkeys. These studies have demonstrated that the size and frequency of curved saccades increase as the number of distractors decreases (Arai et al., 2004; McSorley & Findlay, 2003) . In particular, curved saccades toward a distractor in the odd-colored target search tasks are accompanied by increased pre-saccadic activity of neurons coding the distractor site in the superior colliculus (SC). Thus, the magnitude of increased activity is correlated with the strength of target-distractor competition (McPeek, Han, & Keller, 2003) .
Some examples of typical trajectories shown in Figure 6 demonstrate that early portions of curved trajectories toward the distractor (red, green, and blue) can share the path with trajectories directed to a given distractor (cyan).
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This indicates that movements are not randomly made but directed toward distractors. Therefore, we suggest that the initial direction of movement trajectories in our study is also associated with the current location of focused attention.
The similar results obtained for saccades and reaching controlled by distinctive neural mechanisms supports the general role of focused attention. Focused attention is likely to be required for all visually guided motor actions. Also, it implies that the planning of arm movements reflects internal target selection processes over time.
To characterize these initial selection errors, we measured the global trajectory curvature: maximum curvature. Overall, larger maximum curvatures were observed in the mixed condition than in the blocked condition (Figure 7) , F(1, 6) = 9.8, p G .02. There was a significant distractor number effect, F(2, 12) = 6.3, p G .02. The interaction effect between target color consistency and distractor numbers was also significant, F(2, 12) = 64.1, p G .001.
Maximum curvatures were significantly reduced with large numbers of distractors in the mixed condition, F(2, 12) = 28.5, p G .001. However, the number of distractors did not affect maximum curvature in the blocked condition, F G 1. With 5 or 11 distractors, there was no significant difference between maximum curvatures in the blocked and mixed conditions, F(1, 6) = 1.2, p G 1. Thus, it confirmed the impression from trajectories shown in Figure 5 . That is, movements were more frequently initiated toward distractors when the perceptual grouping effect was too weak to counteract the competition between target and distractors.
Experiment 2
In Experiment 1, we concluded that focused attention needs to be allocated to the specific reach target by showing that perceptual grouping facilitates pointing reaction times and reduces trajectory curvatures.
We also showed that manual pointing was faster overall in the blocked condition than in the mixed condition (Figure 3) . The advantage in the blocked condition can be explained by the perceptual priming effect. Maljkovic and Nakayama (1994) showed that odd-colored target search times gradually decreased as the number of consecutive same-color target repetitions increased. Saccadic tasks applying the odd-colored target search paradigm also demonstrated the existence of perceptual priming effects in both human and nonhuman primates (Bichot & Schall, 1999; McPeek & Keller, 2001; McPeek et al., 1999) .
Thus, it has been suggested that short-term memory of a prior target facilitates focal attention to the current target when both targets share the same attended feature, such as color. The fact that only attended, but not unattended, feature repetitions lead to this perceptual priming effect indicates the critical role of focal attention in this process (Maljkovic & Martini, 2005; Maljkovic & Nakayama, 1994 . Therefore, if a similar priming effect is observed in manualpointing tasks, this again would support the idea that directing focal attention to the target is closely associated with goal-directed manual pointing.
In Experiment 2, we manipulated the length of the samecolor target repetitions to investigate whether repetitions of the attended target feature (color) lead to a similar priming effect in manual-pointing tasks.
Methods
The display and procedure of Experiment 2 were essentially the same as in Experiment 1, except that only the twodistractor case was presented because this case showed the largest difference between the blocked and mixed conditions. The length of the run of same-color targets was manipulated.
To generate longer sequences, three different lengths of same-color target runs were used (2, 4, 6 or 3, 5, 6). Each sequence length was randomly presented within a block. Each participant participated in four blocks (96 trials/block). The blocked condition was presented before and after the sequence condition and averaged as a baseline. Each participant experienced all the conditions and repeated ANOVAs were conducted for statistical analysis.
Results and discussion

Manual-pointing reaction times
(1) Total time Figure 8 shows total time as a function of the number of same target color repetitions. Total time was reduced as the number of same-color target repetitions increased, F(5, 30) = 68, p G .001. For instance, total time decreased between 1 and 2 repetitions, t(6) = 7.4, p G .001, between 2 and 3 repetitions, t(6) = 4.5, p G .004, and between 3 and 6 repetitions, t(6) = 2.7, p G .05.
Only after four to five consecutive same-color target trials did total time reach the baseline level extracted from the blocked condition, p G .2. This cumulative priming effect again supported the idea that allocation of focal attention to the target is strongly associated with a target selection process for manual-pointing movements. There were no speedaccuracy trade-offs, F G 1.
(2) Initiation latency and movement duration
To scrutinize the influence of facilitated attentional allocation by cumulative priming, we also divided total time into initiation latency and movement duration (Table 1 ). Both initiation latency, F(5, 30) = 57.4, p G .001, and movement duration, F(5, 30) = 40.4, p G .001, showed significant cumulative priming effects. There was a significant interaction effect between the two subcomponents of total time and the number of repetitions, reflecting slightly different patterns of priming effects, F(5, 30) = 6.8, p G .001. Initiation latency was gradually reduced, whereas movement duration was shortened the most after one repetition.
Manual-pointing trajectories
Initiation latency and movement duration indicate that facilitated focused attention allocation by cumulative priming also facilitates manual pointing to the target. We also analyzed full trajectories of pointing movements to examine the continuous influence of the cumulative priming effect on target selection. As in Experiment 1, we calculated maximum curvatures to quantify the magnitude of trajectory curvatures.
Maximum curvatures (Figure 9 ) showed that repetitions of the target feature not only affect reaction times, but also trajectories. Maximum curvatures decreased with target color repetitions, F(5, 30) = 39.9, p G .001. The most noticeable curvature reduction occurred after one repetition, whereas very little change occurred between two and six repetitions.
The largest maximum curvature in the target color switching point (the first in sequence order) is also consistent with results from previous saccadic studies in humans and monkeys although these studies did examine the parametric relationship between the magnitude curvature and priming effect as we did (McPeek & Keller, 2001; McPeek et al., 1999; McPeek, Skavenski, & Nakayama, 2000) . In these studies, when the distractor color on the current trial was strongly primed by previous trials' repeated target color, participants more often made an initial saccade to the distractor. Increased curved trajectories in our study can be also explained by this cumulative priming effect.
In Experiment 2, we again found support for a strong association between focused attention and goal-directed manual pointing because we observed that manual pointing is facilitated by attended target feature repetitions just as perceptual discrimination (Maljkovic & Martini, 2005; Maljkovic & Nakayama, 1994 McPeek & Keller, 2001 ) and saccades are (Bichot & Schall, 1999; McPeek et al., 1999) . In addition, we also demonstrated that the cumulative priming effect reduces movement trajectory curvature.
General discussion
We examined whether localizing a target for manual pointing requires that focused attention be directed to the target. Using odd-colored target search tasks, we showed that manipulations such as increasing perceptual grouping of distractors or increasing cumulative priming effects of target colors facilitate manual pointing and reduces trajectory curvatures. The facilitatory effect is seen not only in total time but also in its components such as initiation latency and movement duration.
Because these manipulations have been shown to facilitate the deployment of narrowly focused attention to a target but not for distributed attention (Bravo & Nakayama, 1992; Maljkovic & Nakayama, 1994) , this adds further support to the view that that visually guided actions require attention and specifies the type of attention involved (Deubel et al., 1998; Kowler et al., 1995; McPeek et al., 1999; Schiegg, Deubel, & Schneider, 2003; Schneider & Deubel, 2002; Tipper et al., 1992) .
It is worth noting that simple target-directed pointing mirrors results that can be obtained when a very fine discrimination is required. This implies that coordinating visually guided action to the target requires more than simple detection or perceptual localization of the target, which can be achieved by a distributed attentional allocation. Instead, the seemingly effortless pointing movements require focused attention as well. In particular, the similarity between the two motor systems controlled by distinctive neural mechanisms supports the general role of focused attention. For instance, as with reaching reaction times, saccadic latencies are also shortened as the number of distractors (McPeek et al., 1999; McSorley & Findlay, 2003) and repetition of attended target features increase (Bichot & Schall, 1999; McPeek & Keller, 2001; McPeek et al., 1999) . Also as in the current study, the size and frequency of curved saccades increase as the number of distractors decreases, indicating an overall improvement in performance (Arai et al., 2004; McPeek et al., 2003; McSorley & Findlay, 2003) . The presence of highly curved reaching movement trajectories directed first to a distractor then to the target reflects ongoing changes in focal attentional deployment and target selection. Given the fact that motor plans continuously interact with target-distractor competition even after the movements is initiated, we argue that the hand movement is not a passive carrier of a completed visual decision. Rather it reflects decision-making process over time. Although the view of interactive connection between motor systems and cognitive processes challenges traditional cognitive theories based on the assumption that perception, cognition, and action are distinctive and serially processed domains, it is in accord with recent findings from neurophysiological studies (Cisek, 2005; Shadlen, 2002) .
For example, the superior colliculus (SC) traditionally viewed as controlling the mechanical aspects of saccades, is also involved in saccade target selection. McPeek and Keller (2004) demonstrated that while chemical lesions temporarily inactivated just one retinotopic locus in SC, saccades to the target in inactivated field were misdirected to distractors, not simply to intermediate points as would be predicted from a simple vector averaging motor schema for the SC. Carello and Krauzlis (2004) have also shown that when subthreshold microstimulation was applied to the SC while monkeys selected a target for a pursuit or saccade movement, the proportion of selections toward contralateral stimuli to the site of stimulation increased. This contralateral response bias was limited to the initial target location and not the direction of eye movement in pursuit.
Not only the SC, but also the dorsal premotor area (PMd), a structure mainly involved in initiation and execution of limb movements, is also involved in reach target selection. Cisek and Kalaska (2002, 2005) showed in single cell recordings that when two potential targets were presented for selective reaching, the PMd in monkeys generated two simultaneous signals corresponding to each of the directions of movement of two targets during a delay period. This suggests that the PMd can represent multiple action plans concurrently, even before cognitive decision is made for the correct target. Taken together, these results demonstrate the direct role of SC and PMd in higher level target selection and decision making as well as motor control, supporting the notion that actions directed toward a goal are not mere reflections of completed cognitive processes.
Since Woodworth (1899) , numerous studies have shown that participants can make rapid online corrective movements, particularly when movement correction to a single target is required. For example, participants can amend an ongoing movement with short latency relying on proprioceptive or visual feedback when a target location is displaced in a small degree regardless of their awareness about changes (Brenner & Smeets, 1997; Goodale, Pelisson, & Prablanc, 1986; Prablanc & Martin, 1992; Soechting & Lacquaniti, 1983; van Sonderen, Denier van der Gon, & Gielen, 1988 ).
In the current study, we have also observed efficient movement correction although a large degree of movement adjustment and an additional step of target re-selection were required. Our subsequent study (Song & Nakayama, 2005) demonstrated that this efficient trajectory correction in our paradigm is because two motor plans for competing stimuli can be processed simultaneously. One possible neural structure for this concurrent processing for competing reach plans would be PMd, where multiple reach targets can be encoded (Cisek & Kalaska, 2002 , 2005 .
Our results also indicate that allocation of focal attention is commonly critical for perceptual discrimination, saccades, and reaching (Bravo & Nakayama, 1992; Maljkovic & Nakayama, 1994; McPeek et al., 1999) . Although neuropsychological patients (Goodale & Milner, 1992; Milner & Goodale, 1995; Stoerig & Cowey, 1997) and normal participants (Aglioti, DeSouza, & Goodale, 1995; Haffenden & Goodale, 1998) have shown functional and anatomical dissociation between visual perception and spatial-motor action, it does not rule out that under normal circumstances, these processes are typically synchronized (Humphreys et al., 2004) .
Recent neuroimaging and single-cell recording studies have demonstrated the overlap between overt and covert attentional networks in frontal and parietal lobes (for reviews, see Corbetta & Shulman, 2002; Kanwisher & Wojciulik, 2000; Moore, 2006) . For instance, Moore and Fallah (2004) showed that when saccadic preparation is evoked by microstimulating the frontal eye field (FEF), visual detection at the stimulated site is enhanced. Microstimulation of the SC also led to similar results such as improving change detection (Cavanaugh & Wurtz, 2004) and lowering motion coherence detection threshold (Müller, Philiastides, & Newsome, 2005) . Functional magnetic resonance imaging (fMRI) study has also demonstrated the regional overlap between covert attentional and saccadic shifts (Corbetta et al., 1998; Culham et al., 1998; Nobre, Gitelman, Dias, & Mesulam, 2000) .
Yet, the question of whether attention for perception and attention for action are distinct or unitary still remains.
Perceiving objects and executing motor responses to them often co-occur. In addition, the objects of our actions are the ones that are usually attended. Thus, two separate but parallel mechanisms could exist and operate flawlessly in everyday life because they are customarily coupled. Alternatively, there could be just one attention mechanism sharing the limited resource between perception and action (Kahneman, 1973; Norman & Bobrow, 1975) . These two conjectures are very different at the level of mechanisms and suggest different architectures linking perception and motor systems.
Another contribution of the current study is to demonstrate on-line interaction between visual attention and goaldirected movements over time, an opportunity not afforded by the usual discrete responses used in typical perceptual and cognitive tasks. Thus, a continuous manual-pointing task can be potentially useful for studies on online cognitive or perceptual competition processes. Instead of inferring intermediate cognitive processes based on the final reaction times, action tasks can provide information about internal states as they unfold over time. Spivey, Grosjean, and Knoblich (2005) also made the similar point in their study of language production.
Conclusions
In this study, we demonstrate that any manipulations that facilitate allocation of focal attention also speed manualpointing movements. We argue that focused attention rather than distributed attention is involved in simple goaldirected pointing. Our results are consistent with results from previous perceptual discrimination and saccadic studies. Taken together, they underscore the importance of focal attention, not only for perception, but for visually guided actions. When multiple stimuli are presented, saccadic and reaching trajectories either curved toward (Arai et al., 2004; McPeek & Keller, 2001; McPeek et al., 2003) or away from distractors (McSorley & Findlay, 2003; McSorley, Haggard, & Walker, 2004; Tipper et al., 1998) have been observed.
Recently, Walker, Haggard, & McSorley (2006) reported in saccadic tasks that trajectories are typically curved toward distractors, reflecting target-distractor competition when a target location is unpredictable as in the current study. Yet, trajectories are typically away from distractors, reflecting distractor inhibition when the target location is specified in advance such as by precue.
